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ABSTRACT: Partial or complete rupture of the tendon can damage the
collagen structure, resulting in the disruption of the electrical signal pathway.
It is a great challenge to reconstruct the original electrical signal pathway of
the tendon and promote the regeneration and functional recovery of defective
tendon. In this study, carbon fiber-mediated electrospinning scaffolds were
fabricated by wrapping conductive, high-strength, loose single-bundle carbon
fibers with nanofiber membranes. Due to the presence of nanofiber
membranes, the maximum tensile force of the scaffolds was 2.4 times higher
than that of carbon fibers, while providing excellent temporal and spatial
prerequisites for tenocytes to adapt to electrical stimulation to accelerate
proliferation and expression. The diameter of the carbon fiber monofilaments
used in this study was 5.07 & 1.20 ym, which matched the diameter of tendon
collagen, allowing for quickly establishing the connection between the tendon
tissue and the scaffold, and better promoting the recovery of the electrical signal pathway. In a rabbit Achilles tendon defect repair
model, the carbon fiber-mediated electrospinning scaffold was almost filled with collagen fibers compared to a nonconductive
polyethylene glycol terephthalate scaffold. Transcriptome sequencing revealed that fibromodulin and tenomodulin expression were
upregulated, and their related proteoglycans and glycosaminoglycan binding proteins pathways were enhanced, which could regulate
the TGEF-f signaling pathway and optimize the extracellular matrix assembly, thus promoting tendon repair. Therefore, the scaffold
in this study makes up for the shortage of conductive scaffolds for repairing tendon defects, revealing the potential impact of
conductivity on the signaling pathway of tendon repair and providing a new approach for future clinical studies.
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1. INTRODUCTION generated during physiological exercise can activate tendon-

. . 10,11 o .
Tendons, the connective tissue that connects muscles and specific regenerative pathways. Therefore, it is feasible to

bones, are an important part of the musculoskeletal system for accelerate the migration of tenocytes by controlling the

storing and transferring energy during movement."” Tendons bioelectricity within tendons, thereby promoting tendon
are composed of bundles of collagen fibers arranged along their repair.'” It is well-known that electrical stimulation (ES)
longitudinal axis. The regulation of collagen fibers within promotes directional cell migration and alignment, affects cell
tendons is complex: involving the formation of tropocollagen, proliferation and differentiation, influences cell membrane
collagen fibrils, collagen fibers, and fascicles. Finally, the contractility, permeability and energy transfer, and also
tendon matrix is composed of fascicles. The diameter of regulates pH Changes‘s’m—ls Therefore, ES can guide the
collagen fibers is 1-20 pm.>* However, partial or complete development and regeneration of many tissues.'® For example,

rupture of tendons due to accidents or excessive exercise can
cause changes in collagen homotypic expression and tertiary
structure, disrupting collagen ali§nment, leading to loss of
function, and reducing mobility.”

It is notable that tendons exhibit piezoelectric characteristics,
which can convert mechanical energy into electrical energy,
and the piezoelectric behavior is related to collagen.”” The
endogenous electric field is the basis for the conduction of
bioelectric signals and is a priority signal for the regeneration of
damaged tissues.” It has been shown that bioelectric signals

Carla et al.'” confirmed that micro-ES accelerated cartilage
repair at non-articular sites in animals.
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Figure 1. Schematic illustration of the preparation and application of the CPS. First, the core-spun yarn was obtained by electrospinning, in which
the reinforcing core was CF and the nanofiber membrane was PLA/SF. Second, the three bundles of core-spun yarn were combined and spun again
to obtain a thicker CF-mediated scaffold. Then, tenocytes were seeded on CPS and given ES in vitro, which could influence tenocytes migration,
proliferation, and alignment. Finally, the CPS was implanted into the Achilles tendon defect area of rabbits, and the CPS could promote tendon

repair under the action of endogenous electric field in the organism.

The complexity of the surgery and external ES can lead to
frequent postoperative risks. Therefore, it is necessary to utilize
implantable biomaterials that can spontaneously conduct
electricity under the influence of bioelectric signals within
the organism to facilitate tissue repair.'” The inherent
conductivity of conductive biomaterials allows the transmission
of ion signals in the cell process, which can guide the
directional arrangement of cells and promote cell differ-
entiation in various tissue types. Conductive biomaterials have
been widely utilized in tissue engineering, including carbon
nanotubes, carbon nanoyarns, and mixed biomaterials of
graphene and metal particles (such as gold nanoparticles)."”

Ideally, engineering scaffolds for tendon repair and
regeneration require sufficient strength to withstand large
cyclic loads, resist long-term creep deformation, and allow for
the effective transfer of nutrients and wastes.”” According to
the initial study, carbon fibers (CF) exhibited minimal foreign
body sensation and could be infiltrated by new collagen
tissue.” Wang et al.”* have developed layered spiral carbon
nanotube fibers as ligament substitutes, which were biocom-
patible and had high tensile strength. The carbon nanotube
fibers bonded well with natural bone and were sturdy enough
to allow animals to run and jump normally after 13 weeks of
implantation in rabbits and sheep. Howard et al.>* used CF to
repair ruptured Achilles tendons in humans, and the results
showed that the Achilles tendons healed well in most patients.
The above indicates that CF has conductivity, biocompati-
bility, and good mechanical properties, which has potential
value as a substitute scaffold for tendons. However, each
bundle of CF is made up of multiple monofilaments, which are
extremely loose. Electrospinning is a technology that can be
used to make nanofibers in a variety of forms.””* Interestingly,
the CF can be wrapped and used as a stable independent
scaffold through electrospinning. Polylactic acid (PLA) is a

biocompatible and biodegradable medical polymer that
exhibits piezoelectric properties after appropriate treatment
to create safer implants, such as electrospun poly(L-lactic acid)
membranes produced by spinning a roller at high speed for
cartilage regeneration.”””’ Silk fibroin (SE) has good
biocompatibility and has been used to mix with various
conductive materials to create SF-based conductive scaffolds
for tissue repair.”®

In this study, CF was electrospun to obtain a bundle of core-
spun yarn, in which the shell layer was nanofiber membranes of
PLA/SF and the core layer was CF. Then multiple core-spun
yarns were combined and spun again to obtain a three-
dimensional CF-mediated electrospinning scaffold that could
repair a defective tendon. The oriented CF monofilaments
with a diameter of 5.07 + 1.20 um were used to simulate
collagen fibers in the tendon. The nanofiber membranes
mimicked the connective tissue that wraps around collagen
fibers in the tendon. In this way, we hope that conductive CF
can replace the missing collagen fibers at the site of tendon
defect, and generate electrical signals under the action of the
endogenous electric field in the organism, thereby accelerating
cell migration, proliferation, differentiation and expression, and
finally promoting tendon repair. In this study, non-conductive
polyethylene glycol terephthalate yarn and CF were selected as
controls to verify whether the CF-mediated electrospinning
scaffolds can promote tendon repair.

2. EXPERIMENTS AND METHODS

2.1. Materials. The polyethylene glycol terephthalate (PET) was
kindly provided by Shanghai General Hospital. The polylactic acid
(PLA, Mw = 110000, R055051—500g, RHAWN) was purchased from
Shanghai Finder Technology Co., Ltd. The carbon fibers (CF) were
kindly provided by the College of Materials Science and Engineering
of Donghua University. Hexafluoroisopropanol (HFIP) was pur-
chased from Shanghai Jiu Ming Trading Firm.
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Table 1. qPCR Primer Sequence

gene upstream primer
P-actin TGCTATGTTGCCCTAGACTTCG
COL 1 AGAGGCATAAAGGGTCATCGTG
TNC CAGAGTTGCCACCTACTTGCC
TNMD GTGTTTGGTATCCTGGCCTTAA

downstream primer
GTTGGCATAGAGGTCTTTACGG
AGACCGTTGAGTCCATCTTTGC
TCTCTCCCTCATCTTCTTTGTTCA
TGTTTCATCGGTGCCATTTC

The extraction method of silk fibroin (SF): Na,COj; of 30 g was
dissolved in deionized water and boiled. Silkworm cocoons of 60 g
were added and boiled for 30 min. The above steps were repeated
three times to remove the sericin. The cocoons were torn and
removed impurities. Then the boiled cocoons were dried. The LiBr of
273 g was dissolved in deionized water to 350 mL. The dried cocoons
were added to the LiBr solution and stirred until completely dissolved.
The solution was dialyzed in a 1.4 x 10* dialysis bag for 3 days.
Finally, the dialyzed solution was filtered and freeze-dried to obtain
SE.

2.2. Preparation of Scaffolds. The CF was wrapped by
nanofibers of PLA/SF to form a CF-mediated scaffold by conjugate
electrospinning, this scaffold was named CPS (Figure 1). The
preparation method was as follows: The PLA (1 g) and SF (1 g) were
dissolved in 10 mL of HFIP. The solution was stirred at room
temperature until complete dissolution. Two syringes containing
solution were placed at the ends of the spinning machine and
connected to the voltage. CF passed through the winding roller and
was fixed on the receiving roller. After starting the machine, the
nanofibers of PLA/SF from the spinning needle adhered to the CF
under voltage to obtain the core-spun yarn. The three bundles of
core-spun yarn were combined and spun again to obtain a thicker CF-
mediated scaffold (CPS), in which the shell layer was PLA/SF
nanofiber membrane (the number of core-spun yarns to be combined
could be selected on demand). The first spinning parameters were:
the voltage was 6.5 kV; the propulsion speed was 0.02 mL/min; the
receiving roller speed was 8 rpm; and the winding roller speed was
400 rpm; the spinning needle was 20 G and the distance from the
spinning needle to the winding roller was 10 cm. The spun again
parameters were: the voltage was 6.5 kV; the propulsion speed was
0.05 mL/min; the receiving roller was S rpm; and the winding roller
speed was 400 rpm; the spinning needle was 20 G and the distance
from the spinning needle to the winding roller was 10 cm. Finally,
CPS was cross-linked in 75% alcohol vapor for 3 days and then
became more stable.

2.3. Characterization of Scaffolds. Scanning electron micros-
copy (SEM): the PET, CF, and CPS were prepared into a 10 mm
sample and treated with a 6 mA ion sputtering current for 90 s. The
samples were photographed at 140 X, 1000 X, and 3000 X to observe
the surface and cross-section morphology. The SEM images were
analyzed by Image-] software. The fibers of the scaffolds were
randomly selected for diameter measurement (n = 3).

Fourier transform infrared spectroscopy (FTIR): the functional
groups of PLA and SF were analyzed by FTIR to verify whether the
nanofibers of PLA/SF adhered to CF successfully (n = 3).

Kelvin four-terminal sensing: the PET, CF, and CPS were prepared
into a 40 mm sample. The thickness of the sample was measured, and
then the resistivity was recorded. The conductivity ¢ (in S/m) was
calculated using eq 1 (n = 3):

1
o= — X100

p (1)

where p is the resistivity (in Q-cm).

Water contact angle test: PET, CF, and CPS were tightly fixed on
slides. Water was dripped on the sample surface and the whole
process was videotaped to record the water contact angle (n = 3).

Mechanical test: PET, CF, and CPS were cut into 20 mm lengths,
and the diameter of the sample was measured using a vernier card.
The samples were fixed on the fixture of the tensile testing machine
and the final length was measured. Uniaxial stretching was performed

at a tensile rate of 5 mm/min until the stress—strain curve dropped.
The excel was obtained and the data was analyzed (n = 4).

Thermogravimetric analysis (TGA): PET, CF, and CPS were
weighed about 10 mg. The test parameters were: heating range was
50—800 °C, and heating rate was 10 °C/min. The thermal stability of
the sample was analyzed after obtaining TGA curves (n = 3).

In vitro degradation: CPS was weighed and exposed to UV light for
24 h. The sample was placed in Eppendorf tubes filled with sterile
phosphate buffer solution and then placed in a shaker at 37 °C. After
1,2, 4, 8, and 12 weeks, the samples were rinsed with deionized water.
After freeze-drying, samples were measured for weight, SEM, and
mechanical properties (n = 3).

2.4. Effects of ES on Cells In Vitro. Tenocytes were extracted
from two-week-old SD rats according to the previous report.”® The
SD rats were purchased from Shanghai JieSiJie Laboratory Animal
Co., Ltd. NIH 3T3 was obtained from the Cell Bank of the Chinese
Academy of Sciences. Tenocytes were cultured in an incubator at 37
°C, 5% CO,, and the medium (10% fetal bovine serum, 1%
antibiotics, 89% MEM Alpha medium) was changed every 2 days.
NIH 3T3 was cultured in an incubator at 37 °C, 5% CO,, and the
medium (10% fetal bovine serum, 1% antibiotics, 89% DMEM
medium) was changed every 2 days.

Cell migration: § X 10* tenocytes were seeded in six-well plates.
After the tenocytes were spread all over the well plate, a scratch was
made on the bottom with a 200 uL tip. The tenocytes state without
ES was photographed under an inverted fluorescence microscope.
Then the tenocytes were given different intensities of ES for 1 h (0
mV, 0 mA; 10 mV, 1 mA; 10 mV, 5 mA; 10 mV, 10 mA), and the
images were taken after the tenocytes were stabilized for about 3 h.
After 12 h, the second ES was applied for 1 h, and the images were
taken after 3 h. Serum-free medium with CCK — 8 was prepared as a
working solution in a ratio of 9:1. Then the working solution was
added to the well plates and incubated for 1 h (37 °C, §% CO,).
Finally, the viability of the tenocytes was measured at the absorbance
value of 450 nm.

Comparison of cells (tenocytes, NIH 3T3) without and with ES:
PET, CF, and CPS were UV sterilized and transferred to 48-well
plates. The 2 X 107 cells were seeded in the three scaffolds and given 1
h of ES (10 mV, 1 mA) every day, while cells without ES served as
control. Cell viability was tested and cell distribution was observed.
After 7 days, the cells were fixed with 4% paraformaldehyde. After
alcohol dehydration and drying, the cell adhesion on the scaffold was
observed by SEM.

Expression of type I collagen (COL I) and tenomodulin (TNMD)
of tenocytes in vitro: PET, CF, and CPS were UV sterilized and
transferred to 12-well plates. The 3 X 10* tenocytes were seeded in
the three scaffolds and treated with 1 h of ES (10 mV, 1 mA) every
day. The tenocytes were cultured for 10 days. Then the working
solutions for immunofluorescence staining were prepared according
to the instructions and the tenocytes were stained. Finally,
photographs were taken under an inverted fluorescence microscope.

Quantitative real-time PCR (qPCR): PET, CF, and CPS were UV
sterilized and transferred to 6-well plates. The 1 X 10° tenocytes were
seeded in the three scaffolds and given 1 h of ES (10 mV, 1 mA) every
day. Then the tenocytes were cultured for 7 and 10 days and lysed
from the scaffolds. Finally, according to the kit instructions and Table
1, the total RNA extraction, reverse transcription, and PCR
amplification were performed. The data were analyzed according to
the eqs 2—S.

ACtexptl = Cttarget - Ctref (2)
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Figure 2. SEM images of PET, CF, and CPS (a) and corresponding diameter statistics (b), scale bar = 80 ym and scale bar = 500 ym. FTIR of
PET, PLA, SF, CF, and CPS (c). Water contact angle measurement (d) and angle statistics (e) for PET, CF, and CPS. Resistivity (f) and
conductivity (g) of PET, CF, and CPS. Mechanical testing of PET, CF, and CPS: stress—strain curve (h), ultimate tensile strength (UTS) (i), strain
at failure (j), Young’s modulus (k), and maximum force (1). TGA curves of PET, CF, and CPS (m). n.s.: no significance, * p < 0.05, *** p < 0.001.

Ath:ontrol =Ct - Ctref

©)
(4)

target

AACt = ACt,,q — ACt

control

GER, = 2 AACt s)
where ACt.,q and ACtqyo are ACt experimental group and ACt
control group, respectively, Cty,e and Ct,¢ are the Ct values for the
target gene and internal reference gene, respectively, and GER,, is
the gene expression rate for the experimental group.

2.5. CPS Repaired Defective Tendons In Vivo. This study
passed the ethical approval of Chedun Experimental Animal Breeding
Farm Co., Ltd., Songjiang, Shanghai (2023092010).

CPS was used in vivo to repair defective Achilles tendons in adult
rabbits, while non-conductive PET nanoyarns made by conjugate
electrospinning were used as a control, in which the shell layer was
nanofiber membranes of PLA/SF and the core layer was PET. Each
rabbit was injected with a dose of 0.3 mL/kg of Zoletil 50 via ear vein.
After general anesthesia, the rabbit’s left hind limb of the rabbit was
shaved, sterilized, and the skin was incised to expose the Achilles
tendon. A 1.5 mm X 15 mm defect was created in the Achilles tendon.
The scaffold was embedded in the tendon defect and sutured to the
surrounding tendon using a 6—0 suture. The Achilles tendon and skin
were disinfected with iodophor. The skin was closed with 0 suture.
Benzylpenicillin sodium was injected at 4 X 10* units/kg
approximately 3 times per day for 3 days.

After the surgery, each rabbit was individually housed in a cage with
sufficient space to allow for free movement, and the rabbits’

movements were observed and recorded regularly. The prognosis
functional scoring of the rabbit Achilles tendon was assessed
according to the Thompson test, the Leppilahti scoring system, and
the actual situation.”® The repaired Achilles tendon samples at 4 and
12 weeks were treated with hematoxylin-eosin (HE) staining,
Masson’s trichrome (MT) staining, and transcriptome sequencing
(RNA-seq). The histological score of HE staining was calculated
according to the semi-quantitative histology scoring system.’’ The
collagen spreading area of MT staining was calculated using Image-J
software.

2.6. Statistical Analysis. All data were expressed as mean =+
standard deviation from three independent experiments with a
minimum of three replicates for each condition. One-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test was used to
determine the statistical significance unless specified otherwise. The
significant difference was considered at *p < 0.0S and **p < 0.01, ***
p < 0.001.

3. RESULTS

3.1. Characteristics of Scaffolds. It was observed under
the SEM that PET and CF were composed of many bundled
monofilaments. PET monofilament diameter was 22.06 + 1.57
pm and CF monofilament diameter was 5.07 + 1.20 ym. CPS
was composed of three core-spun yarns with a thick nanofiber
membrane on the outside, so the CPS was not easy to lose.
The diameter of CPS was 1.42 + 0.08 mm and the diameter of
nanofibers on its surface was 357.18 + 129.93 nm (Figure

https://doi.org/10.1021/acsami.4c12245
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Figure 3. Degradation of CPS after 1, 2, 4, 8, and 12 weeks. SEM (a), scale bar = S um, and scale bar = 20 um. Mass loss rate (b). Macroscopic
view after freeze-drying (c), and the macroscopic view after mechanical stretching (d), scale bar = 1 cm. The stress—strain curve (e), UTS (f),
strain at failure (g), Young’s modulus (h), and maximum force (i). Yellow-green dotted line: enlarged view of nanofiber fracture. Red arrow: other

nanofiber fracture. Blue arrow: shed nanofiber membrane.

2a,b). From the FTIR, it could be seen that the nanofiber
membranes of PLA/SF were successfully spun on CF to form
CPS (Figure 2c).

As shown by the water contact angle, PET and CF were
hydrophobic, while the surface of CPS was hydrophilic due to
the SF-containing nanofiber membrane on the surface (Figure
2d,e). The resistivity of PET was very high, so it was not
conductive (beyond the measurement range of the instrument,
so the picture was blank). The resistivity of CF was 0.0569 +
0.0154 Q-cm, and the conductivity was 1833.80 + 429.22 S/m.
The resistivity of CPS was 0.1623 + 0.0264 Q-cm, and the
conductivity was 627.87 #+ 109.71 S/m. Due to the nanofiber
membrane on the surface of CPS, the resistivity of CPS
increased and the conductivity decreased compared with CF
(Figure 2fg).

When the stress—strain curve dropped, all scaffolds did not
exhibit intermediate fractures, but rather fractures or bulges in
the monofilament parts of PET and CF, while the scaffolds of
CPS showed bulges or cracks in the nanofibers on their
surface. At this time, the UTS on PET was 2273 + 89.34 MPa
and the strain was 9.59 + 0.34%, Young’s modulus of PET was
17.45 + 0.46 GPa, and the maximum force was 25.01 + 0.98
N. The UTS on CF was 198.69 + 56.84 MPa and the strain
was 2.85 + 0.58%, Young’s modulus of CF was 12.15 + 3.74
GPa, and the maximum force was 25.04 + 7.16 N. The UTS
on CPS was 39.38 + 3.65 MPa and the strain was 5.95 +
2.41%, Young’s modulus of CPS was 1.12 & 0.29 GPa, and the
maximum force was 60.61 + 5.62 N (Figure 2h—1 and Table
S1 - S3). The mechanics of the three scaffolds were quite
different, among which CPS was the weakest in some aspects,
but it was the largest in maximum force. This phenomenon
occurred mainly because the surface nanofiber membrane of

CPS bulged under the action of external force. However, the
role of the nanofiber membrane was mainly to wrap the CF
into a whole that was not easily dispersed, and the main load-
bearing was the reinforced core CF. Therefore, Compared to
the human Achilles tendon,” the mechanical properties of
CPS were sufficient for practical applications.

The TGA curves showed that the mass loss of PET at 450
°C was 76.06 + 0.18%. The mass loss of CF at 400 °C was
4.56 + 0.001%, while that of CPS was 12.49 + 0.01%, and
more mass loss came from the nanofiber membrane on the
surface of CPS. It could be seen that three scaffolds had good
thermal stability (Figure 2m).

PET and CF were nondegradable, while the nanofiber
membrane on the surface of CPS was degradable. Therefore, it
was necessary to research the CPS properties of nanofiber
membrane after degradation. After the first week, cracks
appeared in the nanofibers, and the number of fractured fibers
gradually increased from 2 weeks to 12 weeks (Figure 3a).
After 12 weeks, the mass loss of CPS was 1.05 + 0.19% (Figure
3b). At 1 to 4 weeks, the mass loss of CPS was mainly from the
degradation of materials in the nanofiber membrane. At 8
weeks, the nanofiber membrane showed signs of shedding. At
12 weeks, the shed nanofiber membrane was visible, and the
mass loss also included the shed nanofiber membrane (Figure
3c). The CPS were stretched until the stress—strain curve
dropped, at which point the nanofiber membrane was visible
shedding from the CF, rather than the fracture of CPS.
Therefore, at this point, it was the force of the nanofiber
membrane shedding from the CPS (Figure 3d). Compared to
the human Achilles tendon,” the mechanical properties of
CPS at all time points fluctuated within a stable range and
showed good mechanical properties to meet the subsequent
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Figure 4. Migration of tenocytes under different levels of ES: spreading area ratio change after ES (a), the CCK — 8 after the second ES (b), the
spreading of tenocytes after the Oth, first, and second ES (c), scale bar = 500 um. Tenocytes proliferation after 1, 7, and 10 days without ES (d).
Tenocytes proliferation after 1, 4, and 7 days of 10 mV, 1 mA ES (e). Tenocytes live/dead staining after 7 days without ES (f), scale bar = 500 ym.
Tenocytes live/dead staining after 7 days of 10 mV, 1 mA ES (g), scale bar = 200 ym. SEM of tenocytes adhesion on the surface of the PET, CF,
and CPS scaffold (h), scale bar = 80 um. Red arrow: direction of tenocytes alignment. n.s.: no significance, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure S. DAPI/F-actin/COL I immunofluorescence staining of tenocytes cultured on PET, CF, CPS scaffolds for 10 days with 10 mV, 1 mA ES
(a), scale bar = 200 um, and the statistics of number of nuclei (b), F-actin spreading area (c), COL I infiltration area (d). DAPI/TNMD
immunofluorescence staining of tenocytes cultured on PET, CF, CPS scaffolds for 10 days with 10 mV, 1 mA ES (e), scale bar = 200 m, and the
statistics of number of nuclei (f), TNMD infiltration area (g). The gene expression of the tenocytes cultured on the PET, CF, and CPS scaffolds
with 10 mV, 1 mA ES after 7 days was tested by qPCR: COL I (h), TNC (i), and TNMD (j). The gene expression of the tenocytes cultured on the
PET, CF, and CPS scaffolds with 10 mV, 1 mA ES after 10 days was tested by gPCR: COL I (k), TNC (1), and TNMD (m). Yellow arrow: the CF
inside the CPS. Red arrow: the nanofiber membrane on the CPS surface. n.s.: no significance, * p < 0.05, ** p < 0.01, *** p < 0.001.

experimental requirements (Figure 3e—i). Since there were 3.2. In Vitro ES Affected Cell Migration, Proliferation,
and Alignment. Different intensities of ES could affect
tenocytes migration ability. The migration test showed that the
tenocytes spreading area and viability increased when the
to increase, especially in the 12 weeks (Figure S4). current was 1 mA. However, the tenocytes spreading area and

signs of nanofiber membrane shedding and CF was gradually

exposed from the 8 weeks, the conductivity of CPS also began
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Figure 6. Repair of defective Achilles tendon. Macroscopic view of PET and CPS scaffold implantation in the defect area after 0, 4, and 12 weeks
(a), scale bar = S mm, histological score (b), collagen spreading area (c), HE staining (d) and MT staining (e), scale bar = 100 ym, and scale bar =
200 pm. Orange arrow: muscle fibers. Green arrow: collagen fibers. * p < 0.0, ** p < 0.01, *** p < 0.001.

viability were decreased due to the excessive current of 5 mA
and 10 mA after the second ES. The above indicated that the
micro-ES was conducive to tenocytes migration (Figure 4a - c).

ES could affect tenocytes proliferation ability. The tenocytes
viability with ES after 7 days had exceeded that of the without
ES after 10 days (Figure 4d,e). There were three phenomena
worth noting among them: first, the tenocytes survived better
on CF after 10 days without ES. Second, the tenocytes were
better able to adapt to the CPS and proliferate rapidly at any
time point in the presence of ES. Third, due to the
conductivity of the culture medium, tenocytes proliferated
faster with ES than without ES on non-conductive PET. These
indicated that, on the one hand, the nanofiber membrane on
the surface of CPS reduced conductivity, providing time for
tenocytes to adapt to the current, thereby protecting tenocytes
and promoting growth more quickly. On the other hand,
appropriate micro-ES could indeed promote tenocytes
proliferation.

ES could affect tenocytes alignment ability. In the absence of
ES, the tenocytes were randomly arranged on the CPS, while
in the presence of ES, the tenocytes could be arranged
regularly along the direction of the current (Figure 4fg).
Through SEM, it could be seen that tenocytes could cover the
surface of CPS (Figure 4h).

In order to rule out the possibility that ES only affected
tenocytes, the experiment found that NIH 3T3 also obtained
similar results under ES: the nanofiber membrane on the
surface of CPS had a protective effect on NIH 3T3, and the ES
could cause the NIH 3T3 to align directionally on the CPS
surface (Figure S5).

3.3. CPS Could Better Promote the Expression of
Tenocytes. The immunofluorescence staining of DAPI/F-
actin/COL I showed that tenocytes proliferated fastest on CPS
(Figure Sa—c). Among them, the tenocytes spread out along
the direction of PET and CF, and more collagen was expressed
on the CF scaffold than on PET (Figure Sa,d). In the CPS, two
CPS were covered with tenocytes and a large amount of
collagen appeared (Figure Sa,d). Interestingly, a small number
of tenocytes appeared in the gap between the two CPS,
indicating that the tenocytes between the CPS could attract
each other and had just established a connection. Although

there was no collagen expression here yet, it was only a matter
of time (Figure Sa). Similar results were also obtained by
immunofluorescence staining for DAPI/TNMD: tenocytes
proliferated faster on CPS (Figure Se,f). The expression of
TNMD in CF and CPS was much higher than that in PET
(Figure 5g). It was worth noting that tenocytes appeared inside
CPS and TNMD expression was observed when the CPS was
cut open (Figure Se).

According to qPCR, the most collagen was expressed on the
CPS at both 7 and 10 days (Figure Sh)k). There was no
significant difference in TNC expression between CF and CPS,
but both were higher than PET (Figure 5il). TNMD
expression on the scaffolds was not significantly different at 7
days, but after 10 days, the scaffolds of CF and CPS had more
TNMD expression than PET (Figure 5j,m). From the above
tests, it could be seen that in the case of appropriate ES, CPS
could not only promote the rapid proliferation of tenocytes but
also better enhance the COL I, TNC, and TNMD expression.

3.4. CPS Repaired Defective Tendons In Vivo. PET
nanoyarns and CPS were implanted into the Achilles tendon
defects in rabbits, and after 4 and 12 weeks, the rabbits with
CPS scaffolds had better mobility recovery than those with
PET (Figure S6). After dissection, it was found that the surface
of the scaffolds was covered with a thin layer of tissue after 4
and 12 weeks (Figure 6a). From the HE staining, it could be
seen that the cells had grown into the interior of PET and CPS
scaffolds after 4 weeks. The CPS was repaired faster than the
PET scaffold for tendons at 4 and 12 weeks (Figure 6b,d).
From the MT staining at 4 weeks, the expression of muscle
fibers and collagen fibers was accompanied by CPS, but there
was almost no expression of collagen fibers around PET
scaffolds. Similarly, it could be seen that CPS was surrounded
by collagen fibers after 12 weeks, while only a small amount of
collagen fibers appeared around PET, indicating that CPS was
more conducive to the growth of tendon tissue (Figure 6¢,e).

3.5. Conductive CPS Accelerated Fibromodulin
(FMOD) and TNMD Expression In Vivo. To evaluate the
potential mechanism of conductive CPS in the repair of
defective tendons under the action of endogenous electric field
in the organism, the new tissue after PET nanoyarns and CPS
repair was analyzed by RNA-seq There were significant genetic
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Figure 7. RNA-seq of CPS and PET repaired tendon. Differential gene clustering heat map (a), differential gene expression scatter plot (b),
differential gene expression volcano map (c), KEGG pathway enrichment analysis bar graph (d), KEGG enrichment analysis bubble chart (e).

differences between the newly formed tissues of CPS and PET
as seen by the heat map (Figure 7a). Specifically, FMOD and
TNMD that affected tendon repair were upregulated in CPS
compared to PET (Figure 7b). In addition, myocilin (MYOC),
connective tissue growth factor (CCN2), thrombospondin 4
(THBS4), hyaluronan and proteoglycan link protein 1
(HAPLN1) related to tissue repair were also upregulated
(Figure 7b,c). Further analysis revealed that the FMOD and
TNMD-associated proteoglycans and glycosaminoglycan bind-
ing proteins pathways were enhanced, which were closely
related to the TGF-f signaling pathway, and optimized the
assembly of the extracellular matrix (ECM) to promote tendon
repair (Figure 7d,e).

4. DISCUSSION

Tendons have piezoelectric properties, and bioelectric signals
play an important role in promoting tendon-specific
phenotypes, which can be manifested in gene and protein
expressmn, biological functlon, pathway analysis, and other
aspects.'”>? Zhang et al.** researched a piezoelectric nanofiber
scaffold that combined exercise-driven ES and nanotopological

effects to promote tendon-to-bone healing. Conductive
materials have been widely used in nerve, myocardial, bone,
and skin repair, but few have been used in tendon defect
repair.”> >’ Therefore, the potential of activating tendon-
specific phenotypes to promote tendon repair by conducting
bioelectric signals in vivo through microcurrents generated by
conductive materials needs to be explored. CF is an ideal
reinforcement material because of its high strength and high
modulus. In addition, CF has excellent electrical conductivity,
which is even close to the metal.’® At the same time, CF can
also form conductive microcircuits to stimulate tissue
growth.”” Chua et al.** designed CF-reinforced polymers for
implantable medical devices and found that they had good
biocompatibility in vivo. Green et al."' found that collagen/CF
had a structure similar to that of natural tendons. Interestingly,
in this study, the diameter of the CF monofilament was close
to that of the collagen fibers in the tendon, which helped to
conduct electrical signals (Figure 2a,b). Meanwhile, cell tests
also demonstrated that appropriate ES could promote the
migration, proliferation, and orientation alignment of tenocytes
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(Figure 4a—g). Therefore, CF is potentially useful in tendon
repair.

In this study, CF-mediated scaffolds were prepared by
electrospinning (Figure 1). Nanofiber membrane wrapped CF
so that it was not easily loosened and could become a complete
scaffold (Figure 2a). It was found that the maximum force of
the CPS was much greater than that of CF scaffold. This was
because during the stretching process, when the stress—strain
curve decreased, the monofilaments in the CF scaffold
appeared to break, and the CPS was the nanofiber membrane
bulging or falling off, so the presence of nanofiber membrane
could protect the monofilaments of the CF reinforcing core
(Figure 2I). At the same time, the nanofiber membrane
increased the hydrophilicity of the CPS, which provided a
good condition for cell adhesion and proliferation (Figure
2d,e). Cell experiments showed that under appropriate ES, the
nanofiber membrane on the surface of CPS reduced
conductivity, providing time for tenocytes to adapt to the
microcurrent, and thus protecting tenocytes, so that the
tenocytes proliferated faster than PET and CF scaffolds at any
time point (Figures 2f;g and 4e). In addition, the presence of
nanofiber membranes expanded the surface area of the CPS,
and more tenocytes were attached to the surface and interior of
the scaffold, providing a larger space for rapid tenocytes
proliferation and TNMD expression than PET (Figure Se—g).

Although carbon-based materials are nondegradable, the
benefits of using conductive carbon-based components may
outweigh the disadvantages found in most studies for tissue
regeneration.*” In this study, the nanofiber membrane on the
surface of CPS was degradable. As the nanofiber degraded,
tissue gradually replaced the nanofiber membrane and changed
from nanofiber membrane-wrapped CF to tissue-wrapped CF,
which was beneficial for CF to play a long-term conductive role
in vivo. The mechanics of the CPS fluctuated steadily within a
certain range in the degradation tests, and the scaffolds did not
detach from the tissue in the animal tests, which showed that
the mechanical properties of the scaffold were matched to the
Achilles tendon of the rabbits (Figures 3e—i and 6a).

Tenocytes were seeded on PET, CF, and CPS scaffolds and
given ES. CPS could accelerate the expression of tenocytes-
related proteins and genes, such as COL I, TNC, and TNMD
(Figure S). This was confirmed in animal experiments, the
CPS around the defect tendon was covered with new tissue
and collagen fibers at a higher rate than the non-conductive
PET nanoyarns due to the presence of the endogenous electric
field in the animal (Figure 6b,c). TNMD is a type II
transmembrane glycoprotein containing a highly conserved c-
terminal cysteine-rich structural domain that co-localizes with
type I collagen fibrils into the ECM of tendons after cleavage.*
TNMD is the most well-known marker of maturation of
tendon lineage cells, which has great significance for tendon
maturation, motility, and resident tendon stem/progenitor
cells."* FMOD in proteoglycans is required for the formation
of normal collagen fibers and the cross-linking of collagen. In
acute tendon injury models, an increase in FMOD can
promote tendon healing.”> Consequently, the expression of
FMOD and TNMD is essential for collagen repair in tendons.
Through RNA-seq of the newly formed tissues, it could be
seen that the expression of FMOD and TNMD was
upregulated, indicating that the tissue growing around the
CPS was more tendon tissue (Figure 7b). During tissue repair,
the TGF-f signaling pathway is activated, which can promote
the production of collagen in tenocytes, and closely

communicate with tendon-related genes such as FMOD and
TNMD.** ~* EMOD subtly coordinates TGF-# signal
transduction. FMOD selectively enhances early pro-migration
and pro-contraction TGF-J1 signaling to reduce scar size and
increase wound tissue tensile strength, while inhibiting TGF-f-
stimulated fibrosis gene expression to reduce scar tissue
formation.”® During RNA-seq, the expression of FMOD and
TNMD-associated proteoglycans and glycosaminoglycan bind-
ing proteins was enhanced, the closely related TGF-f signaling
pathway was activated, and both the ECM receptor interaction
was upregulated, indicating that under the action of
endogenous electric fields, CPS could promote repair by
activating various pathways through conducting electrical
signaling (Figure 7d,e).

There are some shortcomings in this study. Due to the high
hardness and strength of the CF as a reinforcing core, when
sections of animal tissues were obtained, the machine’s knife
did not cut well and the number of sections obtained was
limited, resulting in many validation tests not being completed.
In the next step, we will focus on the development of
degradable conductive scaffolds with good mechanical proper-
ties for the repair of defective tendons and deepen more
validation experiments.

5. CONCLUSIONS

In this study, the carbon fiber-mediated electrospinning
scaffolds were designed. The diameter of the reinforcing core
CF in this CPS was similar to that of collagen fibers, which
could facilitate the rapid recovery of the disappeared
endogenous electric field of the defective tendon in vivo. The
nanofiber membrane on the surface of CPS could help
tenocytes adapt to ES, and accelerate proliferation and
expression. The rabbit Achilles tendon defect test showed
that the CPS was more conducive to collagen fiber production.
Through RNA-seq, it was found that tendon repair was
associated with the TGF-§ signaling pathway, and CPS
upregulated the expression of FMOD and TNMD, which
together promoted tendon repair.
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